A difficulty in the field of gene therapy is the need to increase the susceptibility of hematopoietic stem cells (HSCs) to ex vivo genetic manipulation. To overcome this obstacle a high-throughput screen was performed to identify compounds that could enhance the transduction of target cells by lentiviral vectors. Of the 1280 compounds initially screened using the myeloiderythroid-leukemic K562 cell line, 30 were identified as possible enhancers of viral transduction. Among the positive hits were known enhancers of transduction (camptothecin, etoposide and taxol), as well as the previously unidentified phorbol 12-myristate 13-acetate (PMA). The percentage of green fluorescent protein (GFP)-positive-expressing K562 cells was increased more than fourfold in the presence of PMA. In addition, the transduction of K562 cells with a lentiviral vector encoding fVIII was four times greater in the presence of PMA as determined by an increase in the levels of provirus in genetically modified cells. PMA did not enhance viral transduction of all cell types (for example, sca-1 + mouse hematopoietic cells) but did enhance viral transduction of human bone marrow-derived CD34 + cells. Notably, the percentage of GFP-positive CD34 + cells was increased from 7% in the absence of PMA to greater than 22% in the presence of 1 nM PMA. PMA did not affect colony formation of CD34 + cells or the expression of the hematopoietic markers CD34 and CD45. These data demonstrate that high-throughput screening can be used to identify compounds that increase the transduction efficiency of lentiviral vectors, identifying PMA as a potential enhancer of lentiviral HSC transduction.
A difficulty in the field of gene therapy is the need to increase the susceptibility of hematopoietic stem cells (HSCs) to ex vivo genetic manipulation. To overcome this obstacle a high-throughput screen was performed to identify compounds that could enhance the transduction of target cells by lentiviral vectors. Of the 1280 compounds initially screened using the myeloiderythroid-leukemic K562 cell line, 30 were identified as possible enhancers of viral transduction. Among the positive hits were known enhancers of transduction (camptothecin, etoposide and taxol), as well as the previously unidentified phorbol 12-myristate 13-acetate (PMA). The percentage of green fluorescent protein (GFP)-positive-expressing K562 cells was increased more than fourfold in the presence of PMA. In addition, the transduction of K562 cells with a lentiviral vector encoding fVIII was four times greater in the presence of PMA as determined by an increase in the levels of provirus in genetically modified cells. PMA did not enhance viral transduction of all cell types (for example, sca-1 + mouse hematopoietic cells) but did enhance viral transduction of human bone marrow-derived CD34 + cells. Notably, the percentage of GFP-positive CD34 + cells was increased from 7% in the absence of PMA to greater than 22% in the presence of 1 nM PMA. PMA did not affect colony formation of CD34 + cells or the expression of the hematopoietic markers CD34 and CD45. These data demonstrate that high-throughput screening can be used to identify compounds that increase the transduction efficiency of lentiviral vectors, identifying PMA as a potential enhancer of lentiviral HSC transduction.
INTRODUCTION
Hematopoietic stem cells (HSCs) are an attractive cellular target for ex vivo gene therapy applications for the correction of several inherited diseases. The reason for their attractiveness is that HSCs have the ability to self-renew as well as differentiate into all lineages of the hematopoietic system. In addition, the use of HSCs is well characterized and these cells are routinely used clinically. However, despite their appeal, limited transduction efficiency has been observed in clinical trials. [1] [2] [3] [4] For example, in a recent phase I clinical trial using HSC gene therapy to treat X-linked adrenoleukodystrophy, CD34 + cells modified with a self-inactivating HIVbased lentiviral vector ex vivo achieved genetic modification in only 9-14% of blood cells after transplant. 1 Similarly, in a clinical trial for AIDS, transduction efficiencies were reported to be as low as 1% vector copies per genome in engrafted CD34 + cells. 4 In many scenarios, especially one in which a growth advantage is not expected, greater transduction efficiencies will be needed to achieve therapeutic potential.
Further complicating the issue of limited transduction, high titer viral preparations are not always possible, especially in a scenario in which a large transgene or expression cassette is being utilized. As insert size increases the lentiviral particles recovered by ultracentrifugation have been shown to decrease. 5, 6 A prime example of this can be observed when considering gene therapy applications for the treatment of hemophilia A (for review see Johnston et al. 7 ). Even after significant reductions in the size of the cDNA-encoding fVIII, low viral titer has been observed. 8 This can limit the amount of virus available to achieve desired multiplicity of infections (MOIs) that may be necessary for high transduction efficiencies. Therefore, new strategies would be useful to maximize the transduction efficiency of HSCs. Multiple attempts have been made toward increasing lentiviral transduction through the use of small molecules and cytokines. In addition, retronectin was shown to enhance the transduction of c-kit + Lin − bone marrow cells up to threefold. 9 Small molecules such as ATP-binding cassette transport inhibitors and proteasome inhibitors also have been used with some success. 10, 11 Both classes of compounds were found to enhance lentiviral transduction of CD34 + cells. Similar effects are observed following prestimulation with cytokines. 12 However, a series of comparisons were performed in order to determine an optimal clinically relevant lentiviral transduction protocol using various cytokine combinations and concentrations as well as combining prestimulation with the use of retronectin. Overall, low levels of genemodified cells were observed. 13 To overcome the transduction barrier, a high-throughput screen was performed to identify compounds that enhance lentiviral transduction. Among the positive compounds identified by the screen were camptothecin and etoposide, which have been shown previously to be enhancers of lentiviral transduction. related serine/threonine kinases involved in signal transduction pathways regulating an array of cellular processes. The PKC family consists of 10 isoforms classified into three subfamilies according to which secondary messengers are required for PKC activation. Two of the subfamilies, the conventional (PKCα, PKCβ I , PKCβ II and PKCγ) and novel PKCs (PKCδ, PKCθ, PKCε and PKCη) require diacylglycerol (DAG) for activation. PMA, an analog of DAG, activates isoforms within these two subfamilies and associates at the same binding site as DAG in the C1 regulatory domain. 16, 17 In the current study, PMA was confirmed as a positive enhancer of lentiviral transduction, enhancing the transduction of hematopoietic cell lines and human CD34 + cells, but importantly not all cells were equally susceptible to the effects of PMA.
RESULTS

Protocol optimization of a high-throughput screen
In collaboration with Emory's Chemical Biology Discovery Center, a high-throughput screen was performed to identify compounds that could enhance the lentiviral transduction of hematopoietic cells. A library of 1280 pharmacologically active compounds (LOPAC 1280 ) was screened. This library was chosen because it covers the major drug target classes and impacts most cellular processes. Although the screen was performed to determine compounds that could enhance the transduction of HSCs, the myeloid erythroid-leukemic K562 cell line was chosen as an initial indicator of enhanced transduction, as K562 cells are less difficult to culture than the cytokine requiring murine sca-1 + or human CD34 + cells. In addition, a lentivirus containing the GFP transgene was used in order to assess transduction efficiency in a highthroughput manner with the use of a fluorescent imager.
The screening protocol was optimized in regards to culturing conditions and end-point time frame. In order to determine the appropriate culturing condition, a range of K562 cellular densities was tested in a 144-well tissue culture-treated clear bottom plate. For each density, cells were transduced with recombinant lentivirus (n = 6) at increasing MOIs. Fluorescent intensity was then assessed 72 h following transduction and compared with nontransduced wells. As shown in Figure 1a , the culture of 10 4 cells per well produced the greatest separation in relative fluorescent intensity among wells transduced with increasing MOIs. Therefore, the cellular density of 10 4 K562 cells per well yielded an appropriate condition in which to measure transduction enhancement. In order to assess the appropriate end point of the screen, 10 4 K562 cells were plated per well and virus was added to each well at increasing amounts (n = 8). Transduction efficiency was assessed at multiple time points after transduction. Well to well variability improved 72 h following transduction as compared with an assessment at 48 h (data not shown). In this manner, an appropriate assay window was produced in order to assess enhanced transduction as a foldincrease from the baseline of an MOI of 0.5. Upon identifying an optimal culturing condition and post transduction read out time for the screen, a total cell image was taken with the use of a Hoechst dye. Minute holes were found in the monolayer of K562 cells that may be the cause for variability among wells (Figure 1b) . However, a distinct difference in fluorescence is clearly noted between an MOI of 0.5 and 4 ( Figure 1c ). This obvious enhancement in fluorescence validates the effectiveness of the screen in being able to determine enhanced transduction as a result of the addition of more virus. It was postulated that a similar increase would be observed as a result of the presence of a molecular compound that enhances transduction.
High-throughput screen
The high-throughput screen was then performed on a tissue culture-treated plate in which 10 4 K562 cells were plated per well. The compounds were added at a concentration of 20 μM 3 h before viral addition at an MOI of 0.5. Media were exchanged the following day and fluorescence was assessed 72 h following transduction. Fluorescence intensity was compared with baseline fluorescence intensity as determined in the first two columns of the plate, which only contained K562 cells transduced at an MOI of 0.5 ( Figure 1d ). As a positive control, the last two columns of the plate were transduced with 10-fold more virus to confirm increase in fluorescence intensity (Figure 1d ). Compounds that yielded a fold induction of 2.5 or higher over baseline fluorescence were denoted as positive hits (for example, H22 and O5 of Figure 1d ), whereas obvious autofluorescent compounds were not further analyzed (for example, L10 of Figure 1d ). The screen was performed for both a simian immunodeficiency virus (SIV)-based and an HIV-based lentiviral vector. For the SIV-based lentiviral vector, 34 compounds were identified that yielded a fold induction in fluorescent intensity of 2.5 or higher. Similarly, 32 compounds were identified with the use of an HIV-based lentiviral vector. Seven compounds were shared between the two data sets.
Forskolin: false positive As a Food and Drug Administration-approved drug, forskolin was included within the LOPAC 1280 library. Forskolin was initially identified as a positive hit of the high-throughput screen, which yielded a 6.8-fold induction in fluorescence. A 10-point dose response was then performed utilizing the optimized K562 cellular culturing condition and the optimized end-point time frame. Forskolin was added at the indicated doses ( Figure 2a ) 3 h before viral transduction at an MOI of 0.5. The results of the 10-point dose assay were promising, in which a similar fold induction (sevenfold) in fluorescence was observed at 20 μM forskolin, the concentration used in the initial screen. In addition, a dose response was observed indicating the potential of forskolin to enhance lentiviral transduction (Figure 2a ). During the validation process, the assay was repeated in a 24-well tissue culture-treated plate and compared with the initial assessment performed at the screening center, in which a 384-well plate was used. K562 cells were plated at a density of 10 5 cells per well and treated with the indicated doses of forskolin in triplicate. An SIV-based lentiviral vector containing a GFP transgene was added to each well at an MOI of 0.5. The percentage of GFP-positive K562 cells was quantified by flow cytometry 72 h following viral transduction. However, despite the initial observation of forskolin-induced enhanced transduction using our high-throughput format, an increase in GFP-positive cells was not able to be reproduced (Figure 2b ). Furthermore, mean fluorescent intensity remained unchanged despite forskolin treatment indicating an inability of forskolin to enhance the expression of GFP (data not shown).
Camptothecin: validated positive Camptothecin, etoposide and taxol were also identified from the screen as positive hits yielding a fold increase in fluorescent intensity of 3.2, 2.6 and 2.7, respectively. Encouragingly, all three compounds were previously shown to enhance the transduction of HEK-293T and HeLa cells. 14 In the current study, camptothecin was confirmed as an enhancer of lentiviral transduction of HEK-293T cells. Increasing concentrations of camptothecin were added to HEK-293T cells while simultaneously being transduced with an SIV-based lentiviral vector containing a GFP transgene. Each concentration was performed in triplicate. Transduction efficiency was determined 72 h following transduction by quantifying the percent of GFP-positive cells by flow cytometry. As observed by Groeschel and Bushman, 14 transduction efficiency peaked at 0.084 μM camptothecin (Figure 3a ). Higher concentrations of camptothecin resulted in diminished transduction efficiency, which may be a result of toxicity to the cells. Camptothecin was found to inhibit cell division at concentrations as low as 3 nM (Figure 3b) , which is likely due to cell cycle arrest in the G2/M phase. In addition to confirming a previous report identifying camptothecin as a positive enhancer of HEK-293T cell lentiviral transduction, K562 cells were analyzed in order to validate camptothecin as a positive effector of transduction of hematopoietic cells. A similar protocol was performed in which increasing concentrations of camptothecin were added to the cells in triplicate while being transduced with identical amounts of lentiviral vectors. In this analysis, both HIV-and SIV-based lentiviral vectors were used. Similar transduction efficiency curves were noted for both lentiviral vectors. K562 cells yielded a peak in transduction efficiency at 0.04 μM (Figure 3a ). An inhibition in cellular division as a result of camptothecin was observed with K562 cells, similar to that observed with HEK-293T cells (Figure 3c ). Because camptothecin and other cytotoxic agents identified in the screen induce DNA damage, they are not considered as ideal compounds for clinical use.
PMA as an enhancer of K562 lentiviral transduction PMA is an analog of DAG and is able to bypass the signal transduction pathway leading to PKC activation. PMA was identified from the SIV-based screen as an enhancer of lentiviral transduction and yielded the highest increase in fluorescence intensity observed, which was a 10-fold increase from the baseline fluorescence. The compound was confirmed as a positive enhancer of lentiviral transduction in a 10-point dose response testing assay. At high nanomolar concentrations, a morphological change is evident (Figure 4a ), similar to that previously reported. 18 Decreasing the concentration of PMA to 2.5 nM diminished this effect (Figure 4a ). In addition, at the lower doses of PMA, a dose response was observed indicating the potential of PMA to enhance lentiviral transduction. This was observed with both the use of an SIV-based ( Figure 4b ) and an HIV-based lentiviral vector (Figure 4c ). Although no morphological change occurs with PMA treatment at 2.5 nM, a 3.5-fold enhancement in transduction is apparent (Figure 4b ). Cell proliferation was found to be halted in a dose-dependent manner being completely inhibited at 2.5 nM (Figure 4d ) and higher concentrations (data not shown). In addition, a time-course analysis was performed in order to determine an optimal time at which to add virus after PMA PMA were also analyzed as a negative control. Fluorescence microscopy images taken 72 h following transduction demonstrated morphologically unchanged EU-1 cells following culture with PMA up to 25 nM and an enhancement in GFP-positive EU-1 cells was observed by fluorescent microscopy (data not shown). The enhancement in lentiviral transduction of EU-1 cells treated with PMA was confirmed by flow cytometry (Figure 5a ). Using an SIV-based lentiviral vector, transduction of EU-1 cells was enhanced almost threefold yielding a percentage of GFP-positive cells greater than that achieved by adding three times the amount of virus (Figure 5a ). The percentage of GFP-positive cells increased from an average of 43% in the absence of PMA to 75% in the presence of PMA when an HIV-based lentiviral vector was used ( Figure 5b) . As was apparent with K562 cells, EU1 cell proliferation was inhibited by PMA in a dose-dependent manner (Figure 5c ).
PMA enhances the transduction of a lentiviral vector containing a high-expressing fVIII transgene A high-expression B domain-deleted FVIII transgene was previously used to effectively cure a murine model of hemophilia A using HSC transplantation gene therapy. 19 This high-expressing fVIII transgene was incorporated into an HIV-based lentiviral vector ( Figure 6a ) and used in this study to assess the enhancement properties of PMA with the use of a therapeutic transgene. K562 cells were plated at a density of 5 × 10 5 cells per well of a 24-well plate and transduced at an MOI of 5 (n = 3). The K562 cells were transduced following a 2-h PMA incubation and compared with K562 cells not transduced in the presence of PMA. Media were exchanged 24 h before a onestage coagulation assay, which was performed 12 days following transduction. FVIII activity was significantly greater from K562 cells treated with 10 nM PMA before transduction (P = 0.002; Student's t-test; Figure 6b ). Because PMA is a known inducer of LTR-driven transcription, to determine whether transduction was enhanced, DNA was isolated from the transduced cells and assessed for vector copies per genome by quantitative PCR. Enhanced transduction was noted for K562 cells treated with 10 nM PMA before transduction as shown by an increase in vector copies per genome (P = 0.003; Student's t-test; Figure 6c ). PMA effect on bone marrow-derived CD34 + cells
The most important clinical target to be evaluated in the presence of PMA is the CD34 + cell population, which includes hematopoietic stem and early progenitor cells. Similar protocols as above were used to assess the effect of PMA on CD34 + cells mobilized and isolated from human peripheral blood. CD34 + cells were plated in 24-well tissue culture-treated plates at a density of 2 × 10 5 cells per well. Following a 2-h incubation with PMA at the indicated doses, cells were transduced with either an SIV-based or an HIV-based lentiviral vector at an MOI of 20. Transduction efficiency was initially assessed 72 h following transduction and quantified by flow cytometry. With both an SIV-based (Figure 9a ) and HIV-based lentiviral vector (Figure 9b ), the percentage of GFP-positive cells was increased from 5% to greater than 20% in the presence of PMA. A significant enhancement in lentiviral transduction was observed at as low as 1 nM PMA (Figures 9a and b) . Prolonged culture revealed similar percentages of GFP-positive cells 5 days after transduction (Figure 9c) . In order to assess longer-term transgene expression, the CD34 + cells were cultured for a total of 2 weeks. Over time, the percentage of CD34 + cells positive for GFP was found to have diminished, yet the fold-induction as a result of PMA treatment was preserved (Figure 9d ). In addition, CD34 + cells were found to retain the CD34 and CD45 markers after culture with PMA. Flow cytometry was performed 72 h after the cells were transduced with the HIV-based lentiviral vector. Cells not treated with PMA were 97.2% positive for CD34 and CD45, whereas cells treated with PMA were found to be 95.6% (0.1 nM PMA) and 93.0% (1 nM PMA) positive for both markers, with a possible shift being observed in the PMA-treated cells (Figure 9e) . In regards to cellular proliferation, PMA was found to inhibit cellular proliferation of CD34 + cells over the expanse of 4 days (Figure 9f ). In addition, CD34 + cells treated with PMA were found to exhibit colonyforming units twofold greater than those cells not treated with PMA, however, this is within the range of standard error as outlined in the manufacturer's protocol (Figure 9g ). Total DNA was extracted from the colonies and analyzed for copy number by real-time quantitative PCR utilizing primers that bind to the Rev responsive element of HIV. In the absence of PMA, the copies per cell averaged 0.06, whereas the number of copies per cell for the PMA-treated colonies averaged 0.29.
The combined effect of PMA and rapamycin on lentiviral transduction The K562 cell line was evaluated for the effect of transduction with the combined use of PMA and rapamycin, which has recently been shown to enhance CD34 cell transduction. 20 K562 cells (3 × 10 5 ) were plated in 300 μl of complete Dulbecco's modified Eagle's medium (DMEM). The cells were treated with PMA and/or rapamycin for 2 h at the dose indicated in Figure 10 , after which the cells were washed and re-plated. The cells were then Twenty-four hours before isolation, the conditioned media were exchanged for serum-free AIM-V in order to assess the fVIII activity. Bars represent the mean ± the standard deviation of three transduced wells with each well measured in duplicate. (c) DNA was isolated 12 days following transduction and assessed for integrated vector copies per genome by quantitative PCR. Bars represent the mean ± the standard deviation of three transduced wells measured in duplicate. A t-test was utilized to determine the significance between groups treated with and without PMA.
transduced at an MOI of 2 (based on viral titer after transduction of 293T cells) immediately after re-plating. Twenty-four hours after transduction, the cells were washed and re-plated in a 24-well plate. To determine the effect of treatment, flow cytometry was performed 3 (Figure 10a ) and 10 ( Figure 10b ) days after transduction and the percentage of GFP-positive cells was compared with control cells that received no treatment but identical culturing conditions. Compared with the no treatment control, there was an increase in the transduction percentage of all treatment conditions with higher transduction efficiencies observed at higher drug doses. Of the conditions tested, the largest increase in transduction was obtained with rapamycin concentration at 10.9 μM and PMA concentration at 10 nM, however, this was not dramatically higher than PMA alone. Therefore, under these conditions, PMA and rapamycin increased transduction efficiencies but there appears to be no benefit to combining these agents. The mean florescent intensity was also increased to similar levels over the control in these conditions (data not shown). The highest increase in mean florescent intensity was found with 10 nM PMA.
DISCUSSION
Limited transduction of HSCs has been observed clinically with the use of lentiviral vectors. [1] [2] [3] [4] For example, this was observed in a HSC gene therapy phase I clinical trial designed to treat X-linked adrenoleukodystrophy. Before transplantation, 50% of the CD34 + population was genetically modified, but only 9-14% of blood cells were found to be positive after transplantation. 3 This discrepancy could either be a result of culturing parameters ex vivo that may significantly reduce the repopulation potential of CD34 + cells or due to the difficulty surrounding the transduction of pure HSCs as opposed to differentiated progenitor cells within the CD34 + population. 21 Regardless, enhancing the transduction of HSCs would prove beneficial for many gene therapy applications that utilize HSCs for gene delivery.
A library of 1280 pharmacologically active compounds was screened for the purpose of identifying enhancers of SIV-and HIVbased lentiviral transduction. One apparent shortcoming of the performed high-throughput screen would be that the LOPAC 1280 library was not entirely inclusive. The proteasome inhibitor, MG132, was not a part of the library and thus not included in the screen despite the previous demonstration of MG132 to enhance lentiviral transduction of CD34 + cells and T lymphocytes. 11 Camptothecin, etoposide and taxol, on the other hand, were included in the library. All three compounds have been previously identified to enhance the transduction of an HIVbased lentiviral vector.
14 Within the high-throughput screen, these three compounds were noted as positive hits. Despite the ability of camptothecin or other topoisomerase inhibitors to enhance lentiviral transduction, these compounds are not ideal for clinical use because they induce DNA damage. 15 Therefore, our focus was on non-DNA-damaging agents such as PMA. PMA, another positive hit from the high-throughput screen, represents a potentially safer compound than topoisomerase inhibitors. Initial assessment was performed with K562 cells in which a fourfold increase in modified cells was apparent when culturing with PMA before transduction. This increase was achieved at a concentration as low as 2.5 nM PMA, where previous studies showed no morphological change was evident. 18 Inhibition of cellular proliferation, on the other hand, was observed at 2.5 nM PMA.
In addition to enhancing the transduction efficiency of K562 cells, PMA also enhanced the transduction of the human hematopoietic cell line, EU-1. EU-1 cells are derived from the lymphoid lineage as opposed to K562 cells, which are of the myeloid lineage. Once again, an inhibition of cellular proliferation was apparent following PMA treatment, suggesting that inhibition of the cell cycle might be a method whereby PMA is exhibiting its effects. This is consistent with the observation that G 2 /M arrest was responsible for the increased efficiency of HIV infection in HEK-293T, HeLa and IMR90 cells treated with camptothecin.
14 The exact method whereby arresting cellular proliferation results in a favorable cellular condition for lentiviral gene transfer is unknown. Transduction could be enhanced at one or possibly multiple steps during lentiviral infection. If transduction is enhanced at the entry phase, a simple explanation would be to conclude that G 2 /M arrest provides a greater surface area for which a lentivirus can attach being that the surface area of a cell stalled before division is expected to be twofold. 22 However, this scenario is unlikely in that transduction was not enhanced with U937 cells or cytokinedeprived sca-1 + cells in which proliferation was inhibited. A more likely explanation would be that a molecular event is occurring within the cell as a result of PMA treatment resulting in a cellular change more conducive to lentiviral infection.
As a phorbol ester, PMA binds to the C1 domain of PKC resulting in PKC translocation and activation. 16, 17 Eight PKC isoforms are activated by PMA and have been implicated in an array of cellular processes. The lack of enhanced lentiviral transduction in HEK-293T, NIH-3T3, BHK, U937 and sca-1+ cells may be due to the different PKC isoform found in these cells as compared with those found in K562, EU-1 and CD34 + cells. However, PMA may be acting on more than just PKC. Approximately 50 amino acids located within the C1 domain are responsible for PMA/DAG binding. [23] [24] [25] [26] These amino acids have been found to constitute similar C1 domains on nonkinase phorbol ester receptors, which include chimaerins (a family of Rac GTPase-activating proteins), RasGRPs (exchange factors for Ras/ Rap1) and Munc13 isoforms (scaffolding proteins involved in exocytosis). 27, 28 Further analysis is needed to assess the mechanism by which PMA is enhancing lentiviral transduction.
A novel finding of this study is the ability of PMA to enhance the lentiviral transduction of CD34 + cells, a clinical target of gene therapy applications. Transduction was enhanced threefold with both an SIV-based and an HIV-based lentiviral vector, where at a concentration as low as 1 nM PMA increased the percentage of modified cells from 7 to 22%. This threefold difference remained apparent 2 weeks after transduction. Cells treated with PMA retained the CD34 and CD45 markers in a similar manner to cells not treated with PMA. In addition, these cells were able to give rise to a subset of lineage committed cells as evidenced by the ability of CD34 + cells treated with PMA to produce colonies in methylcellulose. Similar to the enhancement in transgene copy number using a fVIII transgene and K562 cells, the increase in percentage of GFP-positive cells observed with PMA treatment of CD34 + cells is due to an enhancement in lentiviral transduction as opposed to simply an enhancement in GFP expression. [29] [30] [31] Additional studies are needed to determine the transduction efficiency of human HSCs and engraftment potential of CD34 + cells following treatment with PMA. In addition, it could be beneficial to test the time requirements for PMA exposure, as lower exposure times may decrease potential adverse effects on HSCs within the CD34+ cell population. Alternatively, using this optimized screening procedure, CD34+ cells could be used as the primary target to identify additional potential compounds.
Despite recent preclinical and some clinical progress with the use of HSC gene therapy, the transduction efficiency of HSCs remains a critical hurdle. Limited transduction often results in limiting expression of the transgene, which could result in little to no therapeutic benefit. In the current study, a high-throughput screen identified PMA as an enhancer of lentiviral transduction. Furthermore, PMA was shown to enhance the transduction of hematopoietic cell lines from both the myeloid and lymphoid lineages. PMA also enhanced the transduction efficiency of the clinically relevant population of hematopoietic stem and progenitor cells, CD34
+ cells, and PMA has been approved for use in a phase I clinical trial to treat hematological malignancies. The micromolar doses used in the trial were tolerable without any apparent renal, hepatic or hematological toxicity, establishing the feasibility of utilizing phorbol esters in humans. 32 Therefore, the use of PMA clinically to enhance the transduction of CD34 + cells ex vivo is a potentially viable option.
MATERIALS AND METHODS
Lentiviral vector production
SIV-based and HIV-based lentiviral vectors pseudotyped with vascular stomatitis virus-G were produced from HEK-293T cells upon transient cotransfection utilizing polyethylenimine (6 μg polyethylenimine/1 μg DNA; Fisher Scientific, Pittsburg, PA, USA), as previously described. 33 Briefly, HIVbased lentiviral vectors were produced using a 2:1:1 ratio of expression plasmid to packaging plasmids (expression plasmid/psPAX2/pVSVG). A ratio of 1.3:1:1:1.6 of expression plasmid to packaging plasmids (expression plasmid/pCAG4/pVSVG/pSIV) was used to manufacture SIV-based lentiviral vectors. The media were replaced 24 h after transfection with DMEM/F-12 (Invitrogen Life Technologies, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS; Atlanta Biologicals, Atlanta, GA, USA) and 1% penicillin/ streptomycin (Mediatech, Manassas, VA, USA). No antibiotics were present during the time of transfection. For the following 3 days, conditioned medium was collected from the HEK-293T viral-producing cells, passed through a 0.45-μm filter and stored at − 80°C until concentration by centrifugation at 10 000 g (4°C) overnight. Viral pellets were resuspended in 1/100th of the original volume of StemPro media (Invitrogen Life Technologies), and filtered through a 0.22-μm filter. Viral titer was assessed on HEK-293T cells with increasing vector volumes by real-time quantitative PCR 72-96 h after viral addition. Virus was stored in 1 ml aliquots at − 80°C.
High-throughput screening
Compounds from the LOPAC 1280 library (Sigma, St Louis, MO, USA) were screened in 384-well tissue culture-treated clear bottom plates. Each well contained 10 4 K562 cells cultured in phenol-red-free DMEM/F-12 media. For each plate, two columns of 16 wells were used as a baseline for fluorescence containing only K562 cells and virus at an MOI of 0.5. Another set of two columns was used as a positive control containing K562 cells transduced at an MOI of 5. The remaining wells contained K562 cells treated with one compound per well 3 h before viral addition. Compounds were added at a concentration of 20 μM. Virus was added at an MOI of 0.5. The following day, media within the wells were exchanged for fresh DMEM/F-12 supplemented with 10% fetal bovine serum and 1% penicillin/ streptomycin. Fluorescence intensity was assessed 72 h following viral transduction with the use of a fluorescent imager, the Image Xpress (Molecular Devices, Silicon Valley, CA, USA). Compounds able to demonstrate a fold increase of 2.5 or higher than the average fluorescence emitted from the baseline columns were identified as positive hits. The positive hits were then confirmed utilizing 10 different doses of the compound under the same conditions as the initial screen. Doses ranged from 0.1 to 60 μM. Compounds that were able to demonstrate a fold increase in fluorescence intensity a second time were denoted as positive hits.
Culture, treatment and transduction of K562, EU1, BHK-M, HEK-293T, NIH-3T3 and U937 cell lines K562, EU1, BHK-M, HEK-293T, NIH-3T3 and U937 cell lines were cultured in DMEM/F-12 supplemented with 10% FBS and 1% penicillin/streptomycin. Cells were plated in 24-well tissue culture plates and treated with PMA (Fisher Scientific). Before treatment, PMA was dissolved in dimethyl sulfoxide to yield an initial concentration of 10 mg ml − 1 . Subsequent dilutions were performed in DMEM/F-12 supplemented with 10% FBS and 1% penicillin/streptomycin. Following a 2 h treatment with PMA, cells were transduced in minimal volume (300 μl) with a lentiviral vector in the presence of polybrene (8 ng μl The femurs and tibias of 8-to 10-week-old exon 16-disrupted hemophilia A mice (as previously described) 34 were flushed with phosphate-buffered saline supplemented with 2% FBS. The flushed bone marrow was then subjected to positive immunomagnetic bead selection using magnetic separation columns purchased from Miltenyi Biotec (Auburn, CA, USA) as previously described. 35 The isolated sca-1 + cells were then assessed for purity by flow cytometry utilizing a Ly-6A/E antibody (clone E13-161.7) conjugated to fluorescein isothiocyanate (BD Pharmingen, San Diego, CA, USA). The purity of the population was found to be 96% positive for sca-1 + . Upon confirmation, the sca-1 + cells were cultured at a density of 10 6 cells per ml in StemPro media supplemented with L-glutamine (29 μg ml ) and stimulated for 3 days with murine stem cell factor (100 ng ml Isolation, treatment and transduction of CD34 + cells
Fresh CD34 + cells were purchased from AllCells (Emeryville, CA, USA). Before arrival, CD34 + cells were mobilized from human bone marrow and isolated from the peripheral blood of three individual subjects. Flow cytometry was used to assess the purity of the sample which ranged between 97 and 99% of the population found to be positive for CD34. Cells were shipped over night and stimulated upon arrival for 24 h with recombinant human Flt-3 ligand (300 ng ml − 1 ), human recombinant stem cell factor (300 ng ml − 1 ), human recombinant thrombopoietin (100 ng ml − 1 ), human interleukin-3 (60 ng ml − 1 ). CD34 + cells were cultured in GMP serum-free stem cell growth medium (Cell Genix, Portsmouth, NH, USA) supplemented with 1% penicillin/streptomycin. After stimulation, the purity of the population was confirmed by flow cytometry. Upon confirmation, CD34 + cells were cultured in a 24-well tissue culture-treated plate at 2 × 10 6 cells per well and treated with PMA for 2 h before transduction. CD34 + cells were transduced in minimal volume (300 μl) and initially assessed for GFP 72 h following transduction by flow cytometry. The continued purity and transduction efficiency of the CD34 + cells was assessed up to 12 days following transduction.
Colony-forming unit assay
Colony-forming cell assay was performed per manufacturer's protocol (Stemcell Technologies, Vancouver, BC, Canada; MethoCult H4035 Optimum without EPO). Briefly, a 10 × concentration (2 × 10 4 cells per ml) of CD34 + cells was prepared in Iscove's modified Dulbecco's Medium with 2% FBS. A total of 0.3 ml of 10 × cell mixture was then added to 3 ml of MethoCult and mixed by vortexing. MethoCult/cell mixture was allowed to sit for 5 min to allow bubbles to rise followed by dispensing 1.1 ml onto 35 mm dishes in duplicate using a 16-G blunt-end needle. The methylcellulose was evenly distributed into the dish by rotation and dishes were placed in a 100-mm culture dish alongside a third dish containing sterile water to maintain proper humidity. Cultures were incubated at 37°C in 5% CO 2 for 14-16 days for optimal colony growth. CFU-granulocytemacrophage colonies were counted at 5 × under an inverted microscope using a 60-mm gridded dish. GFP-positive colonies were scored under fluorescence microscopy.
fVIII copy number analysis Cells transduced with a lentiviral vector containing a previously described high-expression fVIII transgene were harvested by centrifugation at 300 g for 5 min. 36 Total genomic DNA was isolated from the cellular pellet following the manufacture's protocol for cultured cells within the DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA, USA). To determine transgene copy number, 50 ng of each sample was added to a 25 μl real-time quantitative PCR reaction containing 1 × SYBR green PCR master mix (Thermo Fisher Scientific, Surrey, UK) and 250 nM forward and reverse primers. Primers specific for the fVIII transgene annealed to the A1 domain as follows: forward primer, 5′-CAGGAGCTCTTCCGTTGG-3′ at position 164 and reverse primer, 5′-CTGGGCCTGGCAACGC-3′ at position 239. Ct values for each sample were compared with Ct values produced from plasmid standards of known copy quantities. The equivalent copy number was then divided by 8333, the predicted number of diploid genome equivalents in 50 ng of DNA assuming a haploid genome weight of 3 pg. fVIII expression fVIII activity was measured from the supernatant of cells transduced with a lentiviral vector containing a high expressing fVIII transgene. The cells were cultured in serum-free media for 24 h before the assay as previously described. 37 In short, the activated partial thromboplastin reagent-based one stage coagulation assay was performed in duplicate for each supernatant on a ST art Coagulation Instrument (Diagnostica Stago, Asnieres, France) with human fVIII-deficient plasma (George King Biomedical, Overland Park, KS, USA). The clot time for each sample was compared with a standard curve based on dilutions of pooled normal citrated human plasma (George King Biomedical).
